The relationship between variable ambient temperature and the phase retardation of the sensing crystal is researched in optical voltage sensors based on Pockels effect, aiming at the temperature stability. The theoretical analysis shows that thermal stress induced by ambient temperature variation is the main factor to temperature stability. The finite element simulation model is established to verify theoretical results and to analyze its changing process. Finally, some compensation measures are proposed.
Introduction
Optical voltage sensors have bright prospects in power systems because of advantages such as small size, light weight, no insulation problems, fine dynamic characteristic, fast response speed, etc [1] [2] . Great achievements have been made in the research of optical voltage sensors at present [3] [4] . However, the sensors have not been applied owing to temperature stability, which mainly depends on sensing crystals. Thus it's crucial to study the property of sensing crystals [5] [6] .
Firstly, the relationship between variable ambient environment and the phase retardation of sensing crystals is analyzed. Then the change rule is verified by finite element analysis method. Finally, the compensation measures are proposed to improve temperature stability according to theoretical analysis and simulation results. The laser beam emitted from light source is focused by a collimator, and turns into linearly polarized light after polarizer. The linear polarization develops into a circular polarization when passing through a quarter-wave plate and then an elliptical polarization after a sensing crystal. The elliptically polarized light can be split into two perpendicular beams which have a phase retardation of δ +90°. Finally the light is analyzed by analyzer and transmits to the photo-detector.
Basic Principle of Optical Voltage Sensors
The phase retardation induced by Pockels effect can be described as [7] π π λ
where λ is the wavelength of light, n 0 is the ordinary refractive index of a crystal, r 41 is the electro-optical coefficient, l is the crystal thickness in the direction of light path, U is the applied voltage, d is the distance between two electrodes, U π = λd/(2n 0 3 r 41 l), is the half-wave voltage. Generally the phase retardation of crystal is difficult to measure directly, therefore it can be converted into light intensity by the polarization interference technique [7] . The relation between output light intensity and input light intensity is given by
where U m sin(ωt) is the transient value of applied voltage. In equation (2), output intensity of the sensor is linearly proportional to the magnitude of the applied voltage.
The Influence to BGO Crystals of Ambient Temperature
The properties of BGO crystals in optical voltage sensors can be changed by ambient temperature from two aspects [8] [9] . On the one hand, the variation of temperature can directly affect refractive index of sensing crystals by thermo-optic effect. On the other hand, optical voltage sensors are usually bonded by discrete optical components, which have different temperature coefficients. Temperature variation can lead to thermal expansion and contraction to sensing crystals and induce thermal stress, thus affecting the stability of sensors by elastic-optic effect indirectly.
The Thermo-Optic Effect on Refractive Index of BGO Crystals
Temperature variation can lead to changes in refractive index of the electro-optical crystals, which is called as thermo-optic effect [9] . When the temperature varies ∆θ, the optical property of a sensing crystal is changed into
where b is the thermo-optic effect coefficient. The refractive index ellipsoid of a BGO crystal with the application of temperature field is described as
The principal refractive index of crystal is given by
It's observed that the phase retardation caused by thermo-optic effect is zero. The principal refractive index will change with temperature variation. Therefore, thermo-optic effect have no influence on the stability of sensors.
The Elastic-Optic Effect on Refractive Index of BGO Crystals
The birefringence caused by stress on sensing crystals is known as elastic-optic effect [9] . When a BGO crystal is under the effect of thermal stress, the optical property is expressed as
where π is the piezo-optic coefficient, T is the thermal stress.
For the typical optical voltage sensor shown in Fig.1 , the sensing crystal will deform freely in the direction of x' and y' axis and get an application of thermal stress in the direction of z' axis with the change of ambient temperature. Thus the force is described in coordinate system (x',y',z') as: T' 3 =2T, the others is zero. After converted into the coordinate system (x,y,z), the stress is: T 1 =T 2 =T, T 6 =-T, T 3 =T 4 =T 5 =0. The refractive index ellipsoid with elastic-Optic Effect is given by ( ) ( )
The principal refractive index in the direction of x', y', z' axis is
The phase retardation caused by thermal stress can be described as It can be seen that the thermal stress is related to the principal refractive index and the phase retardation of the sensing crystal. That is, the elastic-optic effect will affect the stability of sensors.
The Effect on BGO Crystals of Ambient Temperature
In fact, the sensing crystals in optical voltage senors are affected by both thermal-optic effect and elastic-optic effect when ambient temperature changes. With the effect of electric field, temperature field and stress field, the property is presented as
The principal refractive index in the direction of x', y', z' axis is described as (12) It can be observed from equation (12) that the long-term stability of optical voltage sensors is mainly related to the elastic-optic effect caused by thermal stress, which is determined by the temperature variation.
Finite Element Simulation of Sensing Crystal Simulation Model
The micro simulation model of a sensing crystal built in Comsol finite element simulation software is shown in Fig.2 . In the model, two parallel boundary of the big rectangular is used to simulate high-voltage electrode and the ground, and the material is copper. The small rectangular indicates the sensing crystal and the material is selected as optical material, the rest area is air domain. A polarized light with the wavelength of 850 nm is set to propagate through the crystal in the direction of light path. The related parameters and multi-physics are set separately.
In the simulation, the variation of optical properties of the sensing crystal is the results of the combination of thermo-optic effect and elastic-optic effect caused by thermal stress, making it difficult to distinguish. Therefore, the thermo-optic effect and the elastic-optic effect of a crystal are simulated separately to study their own influences. And then the effects on crystal and the changing process with the variation of ambient temperature are discussed. 
Simulation Results
(1) The simulation of thermo-optic effect When the sensing crystal can deform freely with the temperature variation, the optical field component and phase retardation caused by thermo-optic effect are shown in Fig.3 and Fig.4 . It can be inferred from Fig. 3 that optical field component Ex is curved like a cosine in the direction of light propagation. The component varies with the temperature drift, which indicates that the thermo-optic effect can affect the refractive index of crystal. It can be observed from Fig.4 that the phase retardation at different temperature keeps constant, namely thermo-optic effect has no influence on the stability of crystals. The simulation results stay the same with theoretical analyses.
(2) The simulation of elastic-optic effect The optical field component and phase retardation caused by elastic-optic effect are shown in Fig.5 and Fig. 6 when thermal stress is applied to sensing crystal. It can be inferred from Fig. 5 that optical field component Ex changes with the thermal stress, demonstrating that the elastic-optic effect can affect the refractive index of crystal. As is shown in Fig.6 , the phase retardation is linearly proportional to stress, that is, stress can affect the stability of crystals. The simulations keep same with theoretical researches.
(3) The effect of ambient temperature on BGO crystals When ambient temperature changes, the thermo-optic effect and elastic-optic effect induced by thermal stress exert to crystal simultaneously. The optical field component Ex has the same tendency as shown in Fig. 3 . It can be observed that the temperature distribution on the central line of the crystal is not even, but the drift is very small. With the increasing of light path length, the temperature rises firstly and then declines. The temperature gets the lowest value at the central point.
The distribution of thermal stress at different temperature is shown in Fig. 8 . A symmetry thermal stress caused by ambient temperature in the direction of light path is shown in Fig. 8 . The stress decreases firstly and then increases, finally remains stable from the beginning to the central point. The thermal stress changes with the variation of ambient temperature, smaller variation usually causes less stress.
Compensation Measures to Improve Temperature Stability
It can be proved from theoretical analysis and simulating results that the phase retardation is independent of the thermo-optic effect, while related to the elastic-optic effect caused by thermal stress. Therefore, ambient temperature variation will indirectly affect the stability of optical voltage sensors through thermal stress.
The stability of the optical voltage sensors can be improved from the following aspects: (1) A new structure can be designed to reduce thermal stress caused by temperature drift; (2) The operation temperature of the sensor can be kept constant by the temperature control method to avoid the thermo-optic effect and elastic-optic effect.
Conclusion
The refractive index of BGO sensing crystal with the interaction of electric field, temperature field and stress field is studied. The theoretic analyses suggest that thermo-optic effect has no influence on the stability of crystals, and elastic-optic effect caused by thermal stress is the primary factor affecting the stability of sensors with the change of ambient temperature. Then the change rule is verified by finite element analysis method. And some compensation measures are put forward to improve temperature stability.
